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ABSTRACT
We have deposited polycrystalline Re doped (Fe65Co35)100−xRex (0 ≤ x ≤ 12.6 at%) thin films
grown under identical conditions and sandwiched between thin layers of Ru in order to study the
phenomenon of spin pumping as a function of Re concentration. In-plane and out-of-plane ferromag-
netic resonance spectroscopy results show an enhancement of the Gilbert damping with an increase
in Re doping. We found evidence of an increase in the real part of effective spin mixing conduc-
tance [Re(g↑↓eff )] with the increase in Re doping of 6.6 at%, while a decrease is evident at higher Re
doping. The increase in Re(g↑↓eff ) can be linked to the Re doping induced change of the interface
electronic structure in the non-magnetic Ru layer and the effect interfacial spin-orbit coupling has
on the effective spin-mixing conductance. The lowest and highest values of Re(g↑↓eff ) are found to
be 9.883(02) nm−2 and 19.697(02) nm−2 for 0 at% and 6.6 at% Re doping, respectively. The sat-
uration magnetization decreases with increasing Re doping, from 2.362(13) T for the undoped film
to 1.740(03) T for 12.6 at% Re doping. This study opens a new direction of tuning the spin-mixing
conductance in magnetic heterostructures by doping of the ferromagnetic layer, which is essential
for the realization of energy efficient operation of spintronic devices.
∗corresponding author: ankit.kumar@angstrom.uu.se, peter.svedlindh@angstrom.uu.se
I. INTRODUCTION
Generation, transportation and detection of pure spin
currents play a fundamental role in spintronic devices.
Pure spin currents can be generated in ferromagnet
and normal metal (FM/NM) bilayer structures, which
are governed by the magnetization dynamics via spin
pumping [1]. With the uniform ferromagnetic resonance
(FMR) mode excited in the FM/NM structure, transfer
of spin angular momentum occurs from the FM layer to
the NM layer via the interface, due to magnetization pre-
cession. This phenomenon is called spin pumping, which
can be measured by the FMR technique [2–5]. Quan-
titatively, the spin pumping is determined by the spin
mixing conductance (SMC) and damping (α) of the spin
dynamics [6,7].
The generalized form of the pure spin current (a 2 × 2
matrix in spin space) is governed by the spin-dependent
conductance, which depends on the reflection (r) and
transmission (t) matrices. The SMC is defined as g↑↓ =
e2
h
[M − Σr↑(r↓)∗], where M is the number of propagat-
ing quantum channels at the Fermi level and r↑(↓) is the
reflection matrix for spin-up (spin-down) electrons. The
first part of this equation ( e
2
h
M) is called the Sharvin con-
ductance, where M is proportional to the Fermi surface-
averaged density of states at the interface [8]. The SMC
is a complex parameter g↑↓ = Re(g↑↓) + ιIm(g↑↓) [in
units of Ω−1 m−2 (or per unit quantum conductance per
unit area)], where Re(g↑↓) and Im(g↑↓) are the real and
imaginary parts of the SMC, respectively [6]. However,
for realistic interfaces, as per first principle calculations,
the imaginary part of g↑↓ is negligible for metallic sys-
tems in the absence of interfacial Rashba states [9]. This
approximation has been considered throughout the pa-
per. The SMC also varies between different combina-
tions of FM/NM layers [10–14]. For example, g↑↓ is
found to be about six times smaller for low conductiv-
ity FMs (e.g. Fe3O4) than for highly conductive FMs
(3d transition metal alloys; e.g. permalloy and Heusler
compounds) with Pt as NM layer [12]. Moreover, M.
Schoen et. al. [15] (in supplementary information) re-
ported the compositional dependence of the SMC in iron-
cobalt (FeCo) alloy thin films. Studies of FeCo have
led to many advances in the fundamental understand-
2ing of magnetic devices because of its metallic nature and
ultra-low damping [15], providing a low threshold current
density in spin-transfer-torque magnetic-random-access-
memories. However, interfacial properties of FeCo based
heterostructures are still to be investigated in detail. In
addition, engineering the properties of FM layer and its
interface with NM layer are required to achieve high ef-
ficient operation of spin-logic devices, e.g., spin torque
MRAM [16]. The next generation spin torque MRAM
for high-density catch memory requires high magnetic
anisotropy for thermal stability and high damping for ul-
trafast operation [17,18]. The benchmark for efficient op-
eration of spin-logic devices is the product of the switch-
ing power and the delay, where the delay represents the
switching time. The power-delay product describes the
average energy consumed per switching event, and hence
balances the performance and energy consumption. How-
ever, there is trade-off between ultrafast switching and
energy efficient operations as an increase in damping en-
hances the writing energy. A reduction of the power-
delay can be achieved by enhancing the SMC of the
FM/NM interface. The energy-delay reduction scaling
can be achieved by enhancing the SMC of the FM/NM
layers interface. The SMC governs the efficiency of spin
angular momentum transfer across the interface, provid-
ing spin torques to switch the magnetic state of the FM
layer in MRAMs. Manipatruni et al. have reported
that by increasing the SMC at the FM/NM interface,
the power-delay product of in-plane all spin-logic devices
can be reduced significantly [16].
Doping the FM layer with 5d transition elements can
be used to tune the magnetic properties [19], providing a
way of optimizing magnetic heterostructures for efficient
spin logic devices. For example, it is expected that damp-
ing relaxation due to two-magnon-scattering (TMS) in-
creases with non-magnetic doping. Moreover, other con-
tributions to the damping, such as radiative and eddy
current contributions, owing to the inductive coupling
between the sample and the co-planar waveguide (CPW),
also have to be considered when estimating the SMC of
the heterostructures; the extrinsic contributions have to
be subtracted from the total measured damping in order
to reliably extract the interfacial properties.
To tune the interfacial and dynamic properties, as per
theory and experimental suggestions [15], we used low
damping Fe65Co35 thin films with Ru as seed and cap-
ping layers, as Ru can help to decrease the coercivity
and the effective damping parameter of Fe65Co35 thin
films [20]. In the present work, by 6.6 at% Re-doping of
technologically important Fe65Co35 interfaced with Ru
layers, we have evidenced a 100% increase of the SMC
along with 135% increase of the damping, while the sat-
uration magnetization decreases marginally. These prop-
erties make Re-doped Fe65Co35 thin films interesting for
ultrafast and energy efficient spin torque logic devices.
II. EXPERIMENTAL DETAILS
Using DC magnetron sputtering, rhenium (Re) doped
polycrystalline Fe65Co35 alloy thin films with differ-
ent thickness were deposited at room temperature
on Si(100)/SiO2 substrates with Ru as seed and
capping layers. The Re concentration (x) in the
(Fe65Co35)100−xRex (0 ≤ x ≤ 12.6 at%) thin films was
varied by changing the deposition rate of Re. The target
power, base pressure and Ar working pressure in the vac-
uum chamber were the same during all the depositions;
for further details see Ref. [21]. The nominal thicknesses
of the FeCo films was 5, 10, 15, 20 and 30 nm and the
nominal thickness of the Ru layer was 3 nm. The sample
configuration is shown in the inset of Fig. 1.
Our polycrystalline films have the body-centered cu-
bic crystal structure. The lattice constant increases with
increasing Re doping, which follows the trend from theo-
retical calculations [21]. Rutherford backscattering spec-
trometry was used to discover the absolute elemental
composition of Co, Fe, Ru and Re in our films. The
detailed analysis can be found in our previous work [21].
Film thickness, surface/interface roughness, and den-
sity were measured by X-ray reflectivity (XRR) using the
X’Pert-Pro system. The scan angle (2θ) was set to 0-8◦
during the measurements. Fittings were done in specular
mode using the HighScore software. The XRR spectra
of the 20 nm thick of FeCo films for all Re concentra-
tions are shown in Fig. 1. Resistivity measurements were
performed in a Quantum Design Physical Property Mea-
surement System (PPMS) using the four-probe method.
The spin dynamic properties were studied using IP-
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FIG. 1: XRR spectra of FeCo(20 nm) for all Re doping
concentrations. Red lines show the simulated spectra
and open symbols represent observed data. Inset is a
schematic of our sample configuration.
3and OP-FMR spectroscopy. The direction of the exter-
nal magnetic field was parallel and perpendicular to the
film plane in IP- and OP-FMR geometry, respectively,
as shown in the inset of Fig. 1. The IP- and OP-FMR
measurements were based on lock-in amplifier and vector-
network-analyzer techniques, respectively. The samples
(4 × 4 mm2 in size) were mounted face-down on the CPW
and a fixed frequency (f) and amplitude microwave field
was passed through the CPW using a microwave source
[22]. The measurements were performed in field-sweep
mode; the uniform FMR resonance mode was observed
in the presence of the magnetic field, fulfilling the reso-
nant condition for the material. The resonance field will
hereafter be referred to as Hr and the linewidth of the
resonance will be denoted ∆H .
III. RESULT AND DISCUSSION
Results from XRR measurements provide accurate es-
timation of thickness, roughness and density of the dif-
ferent layers in the SiO2/Ru/FeCo(tFeCo)/Ru/Oxide
samples. Fig. 1 shows observed (open symbols) along
with simulated spectra (red lines) for FeCo (20 nm) with
different Re concentrations; the results from the analy-
sis are presented in Table I. The model used for precise
fitting, Ru/(Fe65Co35)100−xRex/Ru/Oxide, includes 4
layers, where the FeCo layer can have different Re con-
centration. We use the XRR determined thicknesses of
the FeCo layers for further calculations, represented by
tEFeCo.
A. IP-FMR
To understand the fundamental behavior of the mag-
netization dynamics, IP-FMR spectra were recorded us-
ing a signal generator–detector diode based lock-in tech-
nique. The microwave frequency range used in these mea-
surements was from 8 to 20 GHz. Fig. 2 shows typical
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FIG. 2: Typical absorption spectra from IP-FMR of
FeCo(20 nm) without Re doping at 8, 14 and 20 GHz
frequencies. Open symbols and red lines are observed
and fitted data, respectively.
IP-FMR spectra of a FeCo(20 nm) sample at different
frequencies. To find the resonance field and linewidth
(half width at half maximum, HWHM), the observed IP-
FMR spectra were fitted with the field derivative of the
susceptibility function [χ(H, t)] as given below [23],
dχ
dH
∼ −S
[∆H2 − (H −Hr)2]
[∆H2 + (H −Hr)2]2
− A
2(H −Hr)∆H
[∆H2 + (H −Hr)2]2
+Dt,
(1)
where the first and second terms on the right-hand side
represent the symmetric and the asymmetric contribu-
tions to the spectra, respectively. The asymmetry arises
because of the electromagnetic coupling between the ex-
perimental setup and the low frequency, low amplitude
magnetic modulation field. A and S are the asymmet-
ric and symmetric coefficients, H is the applied magnetic
field and Dt is linear drift term.
According to the Landau-Lifshitz-Gilbert model, the
linewidth is directly proportional to microwave fre-
quency, and the proportionality constant gives the in-
trinsic damping parameter (α) in the absence of inho-
mogeneity. However, in reality, the linewidth exhibits
different contributions, e.g. from sample inhomogeneity,
spin pumping, radiative, eddy-current, and TMS. As per
Arias and Mills model [24], TMS can be caused by lattice
geometrical defects and surface-induced inversion sym-
metry breaking. The spin pumping contribution to the
linewidth is due to the adjacent NM layer, and radiative
and eddy-current contributions are due to the inductive
coupling between the sample and the CPW. These other
contributions will be discussed separately in the next sec-
tions. Therefore, in IP-FMR measurements, the total
linewidth is a function of all contributions (i.e. µ0∆H
= µ0∆H0 + µ0∆H
(G+SP ) + µ0∆H
rad + µ0∆H
eddy +
µ0∆H
TMS , and is defined as,
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FIG. 3: µ0 ∆H vs. f from IP-FMR. The insets
correspond to f vs. µ0 Hr. Open symbols and lines are
experimental and fitted data, respectively.
4TABLE I: A comparison of nominal (tNFeCo) and exact (t
E
FeCo) thickness (in nm) of FeCo thin films from XRR
analysis. g⊥ and µ0Meff (in T) are fitted values from OP-FMR analysis. Errors are mentioned in within
paranthesis, which correspond to the last digit of the values.
Re (0 at%) Re (3 at%) Re (6 at%) Re (12.6 at%)
tNFeCo t
E
FeCo g
⊥ µ0Meff t
E
FeCo g
⊥ µ0Meff t
E
FeCo g
⊥ µ0Meff t
E
FeCo g
⊥ µ0Meff
5 5.08(02) 2.044(03) 2.055(01) 4.53(03) 2.044(04) 1.877(01) 4.47(03) 2.020(02) 1.667(01) 3.57(03) 2.049(10) 1.274(04)
10 9.58(02) 2.036(05) 2.202(02) 9.03(05) 2.098(04) 2.038(01) 8.78(05) 2.041(03) 1.839(01) 9.80(05) 2.065(01) 1.484(06)
15 13.16(02) 2.066(05) 2.265(01) 13.52(07) 2.045(04) 2.079(01) 13.29(07) 2.056(08) 1.902(03) 13.18(08) 2.022(11) 1.544(04)
20 19.41(01) 2.065(01) 2.288(007) 18.25(01) 2.057(06) 2.101(02) 18.64(02) 2.023(08) 1.883(03) 16.09(03) 2.076(009) 1.609(003)
30 28.35(01) 2.014(03) 2.277(01) 26.55(02) 2.075(01) 2.155(003) 26.76(02) 2.039(03) 1.940(01) 26.25(01) 2.031(03) 1.620(01)
TABLE II: α
‖
eff and α
⊥
eff represent effective damping in IP-FMR and OP-FMR, respectively, while α
(G+SP )
eff
corresponds to the effective damping after subtracting extrinsic contributions to the damping in OP-FMR. The
order of magnitude all effective damping parameters is 10−3. The error bars are within the 2% of the given values.
Re (0 at%) Re (3 at%) Re (6 at%) Re (12.6 at%)
tNFeCo α
‖
eff α
⊥
eff α
(G+SP )
eff α
‖
eff α
⊥
eff α
(G+SP )
eff α
‖
eff α
⊥
eff α
(G+SP )
eff α
‖
eff α
⊥
eff α
(G+SP )
eff
5 8.2 3.8 3.5 12.14 6.08 5.82 14.47 8.35 8.11 27.17 11.88 11.67
10 5.91 2.5 2.07 9.41 4.63 4.23 11.28 6.21 5.87 17.39 9.77 9.47
15 5.7 2.33 1.78 7.39 4.08 3.58 9.72 5.8 5.35 15.21 9.3 8.92
20 5.64 2.84 2.14 7.97 3.8 3.18 9.52 4.53 3.98 13.72 9.04 8.56
30 6.14 2.93 1.97 7.83 4.7 3.85 9.64 5.54 4.79 11.69 8.74 8.10
∆H =
hα
‖
eff
g⊥µBµ0
f +∆H0, (2)
where h is the Planck’s constant, g⊥ is the Lande´
spectroscopic splitting factor, µB is the Bohr magne-
ton, ∆H0 is the frequency independent inhomogeneity
contribution to the linewidth, and α
‖
eff = [α
(G+SP ) +
αrad + αeddy + αTMS ] is known as the effective damping
for the IP-FMR geometry, where αG, αSP , αrad, αeddy
and αTMS correspond to Gilbert damping, spin-pumping
damping, radiative damping, eddy-current damping and
two-magnon-scattering damping, respectively. The total
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FIG. 4: Re(S21) and Im(S21) vs. µ0(H −Hr) of
undoped FeCo(20 nm) at 28 GHz. Black open symbols
and red lines are experimental and fitted data,
respectively.
linewidth vs. f is shown in Fig. 3 for different Re concen-
trations and different FeCo thickness, and the thickness
dependent effective damping is shown by red symbols in
Fig. 6. The extracted µ0∆H0 values from IP-FMR vary
in the range 2.38−4.29 mT for tNFeCo = 5nm for all Re
concentration, being smaller for tNFeCo > 5nm; 0.51−1.20
mT.
The easy axis IP-FMR Kittel equation, given below, is
used to fit the experimental data [25]. The fits, shown
in the insets of Fig. 3, give the effective magnetization
(Meff ) and the IP uniaxial anisotropic field (Hu),
f =
g⊥µBµo
h
√
(Hr +Hu)(Hr +Hu +Meff ), (3)
In Eqs. 2 & 3, the average value of g⊥ = 2.07 extracted
from the OP-FMR results using asymptotic analysis of
the FMR data [26], was used.
B. OP-FMR
Magnon scattering is the process where transitions be-
tween the uniform spin wave mode (k = 0) and degener-
ate spin wave modes (k 6= 0) occur in the sample. Accord-
ing to Hurben and Patton [27], this process is strongly
dependent on the wavelength of spin waves, and the cou-
pling between k = 0 with k 6= 0 modes are called two-
magnon scattering, three-magnon scattering and so on.
The level of three and higher order magnon scattering is
expected to be much less than for two-magnon scatter-
ing. Therefore, it is assumed that only TMS is present
5in the IP-FMR results and that this contribution is min-
imum for the OP-FMR geometry [27]. Broadband OP-
FMR measurements were performed where the complex
transmission parameter (S21) was recorded in field-sweep
mode using VNA-technique. The used frequency range
was 14−30 GHz. A typical result of the real and imagi-
nary parts of the complex S21 parameter is shown in Fig.
4. To analyze the data, we used the fitting model by
Nembach et.al. [28]. The complex S21 function is used
as follows,
S21(H, t) = S
0
21 +Dt−
χ(H)
χ˜o
, (4)
χ(H) =
Meff (H −Meff )
(H −Meff )2 −H2eff − ι
∆H
2 (H −Meff )
, (5)
where S021 is the nonmagnetic contribution to S21 [29],
Dt is the first order drift correction, χ˜o is an imaginary
function of frequency, film thickness and effective length
of the sample on the CPW, µ0Heff = hf/(g
⊥µB), and
µ0∆H is the HWHM linewidth, free from the TMS con-
tribution. To find the precise µ0Meff and g
⊥ values,
considering both as fitting parameters, the OP Kittel
equation can be used,
f =
g⊥µBµ0
h
(Hr −Meff ), (6)
where Meff = Ms − H
⊥
k , µ0H
⊥
k = (2k
⊥)/(Mst
E
FeCo)
is the OP anisotropy field and µ0Ms is the saturation
magnetization, which can be found from extrapolation
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FIG. 5: µ0 ∆H vs. f from OP-FMR. The insets
correspond to f vs. µ0 Hr. Open symbols and lines are
experimental and fitted data, respectively.
of the µ0Meff vs. 1/t
E
FeCo curve (not shown here) to
1/tEFeCo = 0. The fitted µ0Ms values are included in
Table III for all Re concentrations, and the extracted
µ0Meff and g
⊥ values are given in Table I.
The effective damping (α⊥eff ) can be extracted using,
∆H =
hα⊥eff
g⊥µBµ0
f +∆H0, (7)
where α⊥eff = α
(G+SP ) + αrad + αeddy is known as the
OP effective damping parameter, free from the TMS con-
tribution. The µ0∆H0 contribution to the linewidth is
found to be less than 0.58 (02) mT for all samples except
for 5 nm FeCo with the highest Re concentration, for
which the value increased to 2.58 (07) mT. The µ0∆H
vs. f results are shown in Fig. 5 for all Re concen-
trations and all FeCo thicknesses. A comparison of the
effective damping, with (α
‖
eff ) and without TMS contri-
bution (α⊥eff ), is presented in Fig. 6 and in Table II.
In our studied films, the thickness of the Ru layer, tNRu
(=3 nm) is less than the spin diffusion length λsdRu (=15
nm) [32]. Therefore, significant back flow of the spin
angular momentum from the Ru layer to the FeCo layer is
expected. The ratio of the IP to OP effective damping (ζ)
can be calculated using the effective damping expression
derived in Ref. [33],
ζ =
α
‖
eff
α⊥eff
∝
1+6ηξ
1+ξ +
η
2(1+ξ)2
1+4ηξ
1+ξ
, (8)
where η = (αRkF /EF )
2 is an interface parameter,
which depends on the Rashba coefficient (αR), Fermi
wave vector (kF ) and Fermi energy (EF ), and ξ is the
back flow factor. In the case of complete back flow (ξ
→ ∞) ζ → 1.5, while for no back flow (ξ = 0) ζ → 1.0.
According to this model, ζ values in the range 1−1.5
are expected, while our experimentally determined ζ val-
ues for the Re-doped FeCo films are found to be greater
than 1.5, which infers that α
‖
eff contains other contri-
butions. The most common contribution to the effective
damping enhancement in IP-FMR measurements is the
TMS contribution. Therefore, in order to calculate the
true value of the effective SMC, OP-FMR data devoid of
TMS contributions can be used. Furthermore, extrinsic
contributions, i.e. radiative and eddy contributions, to
the OP effective damping must be subtracted before de-
termining Re-doping dependent changes in the effective
SMC.
C. Radiative and Eddy contributions
According to Faraday’s law, an AC voltage is gener-
ated in a metallic magnetic material when it is exposed
to a time varying magnetic flux created by the microwave
6TABLE III: Parameters as a function of Re concentration.
Re (at%) µ0MS (T) Re(g↑↓) (nm
−2) αG (× 10
−3)
0 2.362(13) 9.883(02) 1.63(19)
3 2.183(07) 13.791(05) 2.82(37)
6.6 1.998(11) 19.697(02) 3.84(44)
12.6 1.740(03) 18.171(03) 7.37(26)
TABLE IV: Comparison of reported SMC values for different FM/NM structures
Interfaces SMC (nm−2) Refs.
Py/Ta 13 30
Py/Ru 38 30
Py/Pt 26 31
Fe25Co75/Pt 40 31
Fe75Co25/(Cu-Ta) 6 15
Ru/Fe65Co35/Ru 9.8 This result
Ru/(Fe65Co35)93.4Re6.6/Ru 19.69 This result
magnetic field and the precessing magnetization, which
induces eddy-currents in the material and in the CPW.
Therefore, damping due to eddy-currents in the sam-
ple is called eddy-current damping (αeddy), whereas the
damping in the CPW is referred to as radiative damp-
ing (αrad). Both contributions to the effective damping
depend on the wave-guide dimensions and the magnetic
properties of the sample. The eddy-current damping for
the lowest order mode in FMR can be defined as [15,34],
αeddy =
C
16
g⊥µBµ
2
0Ms(t
E)2
~ρ
, (9)
where C describes the eddy-current profile. In our
case, we used C = 0.5 for all samples and tE is the
total thickness of the full stack determined from XRR
analysis. The αeddy values are found to be (0.16−3.32)
× 10−5, (0.13−2.81) × 10−5, (0.09−0.67) × 10−5 and
(0.08−0.45) × 10−5 for the 0 at%, 3 at%, 6.6 at%
and 12.6 at% Re doped samples, respectively. The
first−last values of αeddy within parentheses correspond
to the smallest−largest thicknesses. The Lande´ g⊥ fac-
tor and µ0Ms from the OP-FMR fitting were used in
the calculations. ρ is the resistivity of the full stack
sample, which takes values in the range (1.243−0.611)
Ω-µm, (2.094−2.432) Ω-µm, (1.734−2.290) Ω-µm and
(1.743−2.915) Ω-µm for the 0 at%, 3 at%, 6.6 at%
and 12.6 at% Re doped samples, respectively. The
first−last values of ρ within parentheses correspond to
the smallest−largest thicknesses. αeddy decreases with
increasing Re doping, while αeddy increases with an in-
crease of the FeCo thickness.
Apart from eddy current damping, the radiative con-
tribution to the damping also depends on the magnetic
properties of the sample and the CPW parameters. The
radiative damping is defined as [15,34],
αrad = η
g⊥µBµ
2
0Mst
El
2~Z0W
, (10)
where η is a dimensionless parameter, which describes
the actual FMR mode profile in the sample. In our case,
we assume η = 0.25, considering the uniform mode of
the FMR. µ0Ms and g
⊥ are used as obtained from the
OP-FMR fitting. Z0 = 50 Ω, W = 300 µm, t
E and l are
the CPW impedance, central width of the CPW, total
thickness and length of the sample on the CPW, respec-
tively. The αrad values (smallest − largest) are found to
be (2.99−9.24) × 10−4, (2.61−8.29) × 10−4, (2.37−7.48)
× 10−4 and (2.1−6.42) × 10−4 for the 0 at%, 3 at%,
6.6 at% and 12.6 at% Re doped samples, respectively.
αrad decreases with an increase of Re doping, while αrad
increases with an increase of FeCo thickness.
D. Spin pumping (SP) and Gilbert contribution
The precessing magnetization transfers spin angular
momentum to the NM layer in a FM/NM bilayer, which
causes enhancement of the damping. According to the
spin pumping model [6], the effective damping is gov-
erned by the real part of effective SMC and is expressed
as,
αeff (αG, αSP ) = αG +
µB
4pi
Re(g↑↓eff )
Ms
g⊥
tEFeCo
, (11)
where αeff is the effective damping without TMS, ra-
diative and eddy current contributions to the total damp-
ing, and hence only a function of the Gilbert and spin
pumping contributions. The real part of the effective
7SMC for both the interface is obtained from thickness-
dependent experimental effective damping, by linear fit-
ting of αeff vs. g
⊥/tEFeCo. The slope gives Re(g
↑↓
eff ) and
the interception with the y-axis gives the Gilbert damp-
ing parameter. αG is found to be 4.5 times higher with
an increase of Re doping from 0 at% to 12.6 at%. The
αG, Re(g
↑↓
eff ) and µ0Ms values are presented in Table
III, and αeff vs. g
⊥/tEFeCo plots are presented in Fig.
6 together with fits according to Eq. 11. As shown in
Fig. 7, Re(g↑↓eff ) (per unit quantum conductance per unit
area) exhibits non-monotonic behavior as a function of
Re doping. The observed lowest and highest values of
Re(g↑↓eff ) are found to be 9.883(02) nm
−2 and 19.697(02)
nm−2 for Re 0 at% and Re 6.6 at% doping, respectively.
A comparison with previously reported Re(g↑↓eff ) values
is presented in Table IV.
According to existing theory, Re(g↑↓eff ) can be en-
hanced either by increasing the intrinsic SMC or by de-
creasing interfacial spin-memory-loss (SML) [33]. A de-
crease of the SML with an increase of Re doping is un-
likely; rather the opposite effect can be expected. The
observed increase in Re(g↑↓eff ) with the increase of Re
doping from 0 at% to 6 at% should therefore according
to existing theory be linked to the increase of the in-
trinsic SMC. However, this would require an increase of
the number of quantum mechanical conductance chan-
nels in the NM layer, which again seems unlikely con-
sidering that the Re doping takes place in the FM layer.
As we will argue below, the explanation for the increase
of Re(g↑↓eff ) can instead be found in the influence of the
spin-orbit coupling (SOC) on the effective SMC.
The intrinsic SMC calculated using the existing the-
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FIG. 6: αeff vs. g
⊥/tEFeCo from IP-FMR (red symbols),
OP-FMR (black symbols) and α(G+SP ) (blue symbols)
for all Re concentrations. The blue lines are fits
according to Eq. 11.
ory [6,7] is only well defined without SOC. It is never-
theless possible from theory to identify an effective SMC
[Re(g↑↓eff )] by calculating the interface-enhanced damping
parameter. Theoretical calculations for Pt/FeCo vary-
ing the concentration of Co show that the magnitude of
Re(g↑↓eff ) exhibits a non-monotonic behaviour with Co-
concentration and that Re(g↑↓eff ) can be increased by a
factor of two in the presence of interfacial SOC on the NM
side [35]. This change in Re(g↑↓eff ) results from the par-
tially filled d-bands and half-filled s-band of Pt (5d96s1).
The interaction between the d-bands of FeCo and Pt
near the Fermi level results in the non-monotonic Co-
concentration dependent behaviour of Re(g↑↓eff ). Similar
calculations for Au(5d106s1)/FeCo show that Re(g↑↓eff ) is
less influenced by SOC due to the mainly s-electron char-
acter of the conduction channel in Au. In addition, cal-
culations of the Re(g↑↓eff ) for Pt/Py indicated an increase
by 25% in the presence of interfacial SOC, while no signif-
icant change was observed for Cu(3d104s1)/Py [36]. For
comparison, the experimentally observed enhancement in
Re(g↑↓eff ) for Ru(4d
75s1)/FeCo [cf. Fig. 7] can also be at-
tributed to interfacial SOC. As the Re-concentration in-
creases, the density of states at the Fermi level increases,
which will also modify the interaction between the d-
bands of FeCo and Ru and the interfacial SOC in the
Ru layer. The interpretation for low Re-concentrations
is that the interfacial SOC in the Ru layer increases with
increasing Re-concentration. This interpretation might
also explain the non-monotonic behaviour of Re(g↑↓eff )
with increasing Re-concentration. However, the decrease
of Re(g↑↓eff ) at higher Re doping may be due to SML, since
an increase of the SML for large enough Re-concentration
cannot be ruled out [33].
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FIG. 7: The real part of the SMC for both the interface
vs. Re concentration. Inset shows experimentally
observed µ0Ms from OP-FMR.
8IV. CONCLUSION
The dynamics properties of Re-doped (0−12.6 at%)
polycrystalline Fe65Co35 thin films with Ru as capping
and seed layers have been investigated using room tem-
perature IP- and OP-FMR measurements. Comparison
of the effective damping in IP- and OP-FMR indicates
that the IP damping is affected by TMS, which overes-
timates the real part of the effective spin mixing con-
ductance. The thickness dependent results for the ef-
fective damping, after subtracting the radiative and the
eddy-current damping contributions, indicate that the
enhancement of the damping is due to the spin pump-
ing contribution. By further analyses of the OP-FMR
results, free from TMS, radiative and eddy-current con-
tributions, a non-monotonic dependence of the real part
of the effective spin-mixing conductance on Re concen-
tration is found. The increase of Re(g↑↓eff ) with increasing
doping from 0 at% to 6 at% Re is tentatively explained
by a corresponding increase of the interfacial SOC in the
Ru layer. Apart from this, an enhancement of the bulk
Gilbert damping is found with an increase in Re doping,
while µ0Ms decreases with increasing Re concentration.
This study opens an entirely new direction of tuning the
spin-mixing conductance in magnetic heterostructures by
doping the ferromagnetic layer, thus providing a method
for optimizing the design of spintronic devices.
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